Persons who have had a traumatic brain injury (TBI) often have word retrieval deficits; however, the underlying neural mechanisms of such deficits are yet to be clarified. Previous studies in normal subjects have shown that during a word retrieval task, there is a 750 msec event-related potential (ERP) divergence detected at the left fronto-temporal region when subjects evaluate word pairs that facilitate retrieval compared with responses elicited by word pairs that do not facilitate retrieval. In this study, we investigated the neurophysiological correlates of word retrieval networks in 19 retired professional athletes with TBI and 19 healthy control (HC) subjects. We recorded electroencephalography (EEG) in the participants during a semantic object retrieval task. In this task, participants indicated whether presented word pairs did (retrieval) or did not (non-retrieval) facilitate the retrieval of an object name. There were no significant differences in accuracy or reaction time between the two groups. The EEG showed a significant group by condition interaction over the left fronto-temporal region. The HC group mean amplitudes were significantly different between conditions, but the TBI group data did not show this difference, suggesting neurophysiological effects of injury. These findings provide evidence that ERP amplitudes may be used as a marker of disrupted semantic retrieval circuits in persons with TBI even when those persons perform normally.
Introduction
T raumatic brain injury (TBI) can affect a person's ability to successfully perform activities of daily living. 1 One of the primary symptoms after TBI is impaired word retrieval. 2 Word retrieval is the ''process of finding the correct terminology for an object, picture, orthographic representation, or conversation in which a person converts the initial conception to a lexical version.'' 3 Word retrieval is a pervasive complaint among athletes with TBI. Studies have shown that persons with TBI demonstrate decreased efficiency in the ability to access feature information in the presence of intact semantic knowledge. 4 The inability to retrieve and integrate features can interfere with activation of a semantic memory and its associated word representation. Efficient word retrieval is necessary for most high-level tasks in the workplace, so even mild deficits can have a deleterious effect on communication in daily life.
Word retrieval requires precise timing of interactions between brain regions. 5 Electroencephalography (EEG) has high temporal resolution and is sensitive to the timing of neuronal synaptic and dendritic activity. 6 Studies have shown alteration in event-related potentials (ERP) after TBI, and thus ERP may be useful as markers to define specific treatment targets. [7] [8] [9] ERP abnormalities in persons with TBI have been described in several cognitive domains including visual information processing 10 and visual working memory. 11 Although markers for semantic word meaning have been suggested, 12 a specific marker for word retrieval is currently not well established.
The cognitive processes associated with word retrieval are complex and not fully understood. To study the mechanisms of word retrieval, our group has utilized an EEG Semantic Object Retrieval Test (SORT) in various populations. [13] [14] [15] [16] The SORT task uses word pairs as stimuli, and the participant indicates whether the word pair elicits the retrieval of an object name (retrieval condition) or does not elicit retrieval (non-retrieval condition). Healthy adults demonstrate an ERP amplitude divergence starting at approximately 750 msec post-stimulus in the left fronto-temporal regions when comparing retrieval and non-retrieval word pairs. 15 Previous studies of disordered populations found that condition-related differences in ERP amplitude on the SORT task correlated with memory deficits. 16, 17 Taken together, these findings indicate that there are different patterns of neuronal activation during successful retrieval of a word as opposed to non-retrieval. In addition to its role in SORT, the left fronto-temporal area is also of interest because it plays an important role in language production. 18, 19 Thus, using the SORT task to study word retrieval in patients with a history of TBI may help clarify further the level of cognitive disruption in these persons.
We chose to study retired professional athletes because of their increased risk of multiple TBIs and increased incidence of associated word finding problems. Our objectives were to evaluate behavioral performance of word retrieval using the SORT task and to characterize ERP differences between a group of individuals with a history of TBI and a group of healthy control (HC) subjects. We expected to find differences in ERP amplitudes in the left fronto-temporal region in the TBI group compared with the HC group. Comparing the electrophysiological and behavioral changes in these groups will allow us to assess whether ERP for semantic retrieval is a useful marker of dysfunction in repeated head trauma.
METHODS

Subjects
TBI participants were recruited from local retired National Football League (NFL) players living in the North Texas region, at a meeting of the NFL Players Association local chapter, local advertising, and by word of mouth. Control participants were not professional athletes. All participants were male, native English speakers. There were a total of 38 subjects (19 TBI) . Demographic information is listed in Table 1 . Participants completed a questionnaire that inquired about history of head injury. Athletes reported TBI ranging from mild to severe. TBI history information is listed in Table 2 . Control participants were excluded if they endorsed a history of head injury. To focus on the effects of TBI without co-morbidity, participants with mild cognitive impairment (MCI) were excluded from the current analysis.
An independent sample t test revealed a significant difference for age between the TBI group (M = 50.0, SD = 13.1) and HC group (M = 59.6, SD = 13.9); t(36) = 2.2, p = 0.034. Thus, all analyses used age as a covariate to control for group differences. Informed consent was obtained from all participants in accordance with the protocols approved by the Institutional Review Boards of the University of Texas at Dallas and of the University of Texas Southwestern Medical Center.
General procedure
Scalp EEG data were recorded while subjects performed the SORT task. Participants were seated approximately 46 inches away from a computer monitor. The participant was presented with two visual words representing object features. In some instances, the word pairs facilitated retrieval (i.e., ''desert'' and ''humps'' should elicit ''camel'') and in other trials, word pairs did not (i.e., ''desert'' and ''barks''). The stimuli consisted of 57 retrieval pairs of words and 55 non-retrieval pairs. The words were presented one above the other. Both words remained on the screen for 3 sec. In between each pair of words, a fixation cross was displayed on the screen for 3 sec. Subjects used a button box with their right hand and were instructed to press the button under their index finger for retrievals and the button under their middle finger for non-retrievals.
ERP acquisition and data analysis
We recorded EEG using a 64-electrode Neuroscan Quickcap, Neuroscan SynAmps2 amplifiers, and Scan 4.3.2 software. Continuous EEG was sampled at 1 kHz. Electrode impedances were kept below 5 kOhms. The data were high-pass filtered offline at 1 Hz and low pass filtered at 30 Hz. The reference electrode was at the vertex of the scalp.
We analyzed the data using functions from EEGLAB version 13-1-1b 20 running under Matlab 7.11.0 (MATLAB and EEGLAB Toolbox Release 2010b, The MathWorks, Inc., Natick, MA). Preprocessing consisted of down-sampling to 512 Hz, excluding the data from electrodes that exhibited unacceptably high levels of electrical noise and correcting for artifacts using the ''Runica'' algorithm (with the ''extended,'' 1 option), 20, 21 an implementation of the logistic infomax independent component analysis algorithm of Bell and Sejnowski. 22 We identified stereotyped artifacts by visual inspection of the spatial and temporal representation of the independent components. Continuous data were then segmented into non-overlapping epochs spanning from 500 msec before to 2000 msec after the presentation of the visual stimuli. Epochs containing high amplitude, high frequency muscle noise and other irregular artifacts were removed. Only trials to which the subject responded correctly and those without artifacts were subjected to further analysis, rejecting on average 13% or less of all epochs. Data from missing electrodes were interpolated and re-referenced to the average reference. 23 For each trial and electrode, the mean amplitude of the prestimulus interval (-100 msec to 0 msec) was subtracted from each time point in the post-stimulus interval (1 msec to 1500 msec). Baseline-correction single trials were averaged within condition to estimate the ERP in each subject and condition (retrieval, nonretrieval). Based on previous word retrieval findings, we focused on 
Statistical analysis
Reaction time and accuracy were analyzed separately using a mixed effect two-way analysis of variance (ANOVA) with age as a covariate (between-subject factor: group [TBI vs. HC]; withinsubject factor: condition [retrieval vs. non-retrieval]). A paired samples t test was used to compare conditions (retrieval vs. nonretrieval). We ran an independent samples t test to compare groups (TBI vs. HC) for both retrieval and non-retrieval conditions. All statistical analyses of behavioral data were performed using IBM Statistics 21 (IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.).
We tested for group difference and interaction by performing a mixed effect two-way ANOVA in IBM SPSS Statistics 21, with age as a covariate (between-subject factor: group [TBI vs. HC]; withinsubject factor: condition [retrieval; vs. non-retrieval]) on mean amplitude. The differences between retrieval and non-retrieval trials were analyzed using paired t tests in the TBI versus HC groups. The differences between groups (TBI vs. HC) were analyzed using independent sample t tests for both retrieval and nonretrieval conditions.
Results
Behavioral results
The behavioral results are summarized in Table 3 . We conducted an independent samples t test to compare the TBI group and HC group mean reaction time and percent correct for retrieval and nonretrieval conditions. There was not a significant difference between groups for reaction time in retrieval (t(36) = -1.39, p = 0.174) or non-retrieval (t(36) = -1.14, p = 0.261). There was not a significant difference between groups for percent correct in retrieval (t(36) = 1.89, p = 0.067) or non-retrieval (t(36) = 1.10, p = 0.277). There was no group by condition interaction in either reaction time or accuracy ( p > 0.1).
For each condition, both reaction time and percent correct were analyzed using a paired samples t test. The mean accuracy for the retrieval condition was significantly lower (M = 79.2%, SD = 12.4) than for the non-retrieval condition (M = 84.7%, SD = 14.2; t(37) = -2.46; p = .019). Mean reaction time latency for the retrieval condition was significantly shorter (M = 1136.91 msec, SD = 220.6 msec) than the non-retrieval condition (M = 1448.4 msec, SD = 391.6 msec; t(37) = -6.67; p < 0.001). Both groups had longer reaction times and higher accuracy for the non-retrieval condition.
EEG/ERP results
The group average ERPs are depicted in Figure 1 . The two-way ANOVA showed that for the mean amplitude of F7 between 750 and 1000 msec post-stimulus, there was a significant group by condition interaction F(1, 35) = 6.05, p = 0.019. A paired samples t test was conducted to compare retrieval and non-retrieval conditions. There was a significant difference between the retrieval condition (M = .25 lV, SD = .41) and the non-retrieval condition (M = -.12 lV, SD = .38; t(18) = 2.83; p = 0.011) for the HC group. No significant difference was found between conditions for the TBI group (retrieval M = .12 lV, SD = .54, non-retrieval M = .19 lV, SD = .51, t(18) = -.49; p = 0.631).
An independent samples t test revealed a significant difference between the TBI group (M = .19 lV, SD = .5) and the HC group TBI, traumatic brain injury; HC, health control subjects; R, retrieval trials; NR, non-retrieval trials.
Each represents group mean (standard deviation).
FIG. 1.
Group evoke-related potential (ERP) amplitudes (lV) at electrode F7 during the Semantic Object Retrieval Test task. Data for the retrieval condition are shown in black; data for the non-retrieval condition are shown by a dashed line. There was a significant difference (750-1000 msec) between conditions for the control group (A) but not the traumatic brain injury (TBI) group (B).
(M = -.12 lV, SD = .38) for the non-retrieval condition t(36) = -2.09, p = 0.044. There was no significant difference between groups for the retrieval condition (TBI group M = .12 lV, SD = .54; HC group M = .25 lV, SD = .41) t(36) = .88, p = 0.384).
Discussion
We used ERPs to assess aspects of word retrieval in retired professional athletes with a history of TBI. There were no significant behavioral differences in accuracy or reaction time between the TBI group and HC group. Consistent with previous studies, there was a significant difference in reaction time and accuracy between retrieval and non-retrieval conditions for both groups. 15, 16 For the nonretrieval condition, both groups had longer reaction times and higher accuracy. We postulate non-retrieval trials required a more extensive search through all possible answers before a participant was able to make a final decision, therefore causing longer reaction times. Higher accuracy and longer reaction times for the non-retrieval condition are likely an example of a reaction time-accuracy trade-off.
We found a significant difference between retrieval and nonretrieval conditions in ERP amplitudes for the HC group from 750 msec to 1000 msec. The TBI group did not show this differentiation between conditions, suggesting neurophysiological effects associated with previous head trauma.
Use of ERP in the study of word retrieval
The left fronto-temporal area, specifically the left inferior frontal gyrus and the left posterior middle temporal gyrus, is an integral part of the language circuit. 25, 26 In healthy persons, successful word retrieval elicits different electrical brain activity compared with a nonretrieval condition on the SORT task. In healthy adults, this left frontotemporal difference has been found between 750-1000 msec. 15, 16, 24 We found this same distinction in our HC subjects.
The TBI group showed no significant difference in ERP amplitudes between conditions during the SORT task in the left frontotemporal region, despite preserved performance. This is in contrast with what Chiang and associates 16 found in their study of HC subjects and persons with MCI: longer reaction times and differences between retrieval and non-retrieval ERP waveforms in the MCI group. 16 The word retrieval process requires communication and precise timing between thalamic and cortical regions of the brain. 27 The absence of ERP differentiation in our TBI cohort could be because of damage to particular brain structures or to deficient communication between necessary brain regions of the semantic retrieval circuit. 28 One of the long-term effects of repetitive TBI is impaired white matter integrity [29] [30] [31] and decreased thalamo-cortical structural integrity. 32 Given the compromised white matter integrity found previously in retired professional athletes, 29 we speculate that reduced structural integrity leads to disrupted coordination of electrical activity between regions, which may lead to discoordination of electrical inputs, reduced synchrony of synaptic and post-synaptic activity, and thus blunted ERP waveform components.
It is interesting to note that the TBI group showed no significant difference in behavioral performance despite evidence of neurological differences in ERP. Thus, either the regions receiving discoordinated electrical signals nonetheless may still be able to function adequately to preserve behavior, or other brain regions that in this setting did not contribute to detectable differences in scalp-recorded ERPs, might be performing a compensatory role. Further studies, evaluating the EEG for frequency band-specific power changes as opposed to ERP, may contribute to clarifying this issue.
In addition to white matter damage, TBI typically also damages gray matter. Gray matter damage has been found to reduce synchronization of active generators, which can lead to reduced EEG amplitude. 33 While we cannot determine whether the loss of ERP difference in the TBI group is secondary to white matter or gray matter pathology from this study, the findings do support disruption of the retrieval network.
Our previous study of retired NFL players found that players in whom cognitive decline developed with age had deficits in tests of word retrieval (SORT, Boston Naming Test, episodic memory). 34 In addition, these persons had abnormal cerebral blood flow in the left inferior parietal lobule, left posterior superior gyrus, and left temporal pole. The neuropsychological deficits in retrieval in the group with cognitive decline suggest that the atypical EEG in our normally performing population indicates a risk for later development of difficulties in retrieval processes.
Limits of the study
This study is limited to male retired NFL players, but similar presentations of TBI could be present in other populations and across sexes. The athletes in the study varied in amount of time since retirement, ranging from five to 50 years. The wide range made it difficult to tease apart effects of TBI recovery over time. There was no significant correlation between years of retirement and average ERP amplitude, however.
The athletes reported a wide number of concussions, ranging between 1 and 20 (including all grades). There were no statistically significant differences between participants with grade 3 concussions and participants without grade 3 concussions, 29 but our cohort of participants reporting grade 3 concussions is small (12 athletes reported one or more grade 3). This study was designed to investigate the effects of multiple TBI and therefore may not generalize to individuals with only one TBI. There is currently no medical diagnostic tool to verify number of previous concussions. Detailed interviews were conducted to ensure athletes understood the definition of concussion to accurately identify TBIs. More detailed records of concussion classification would be helpful to establish how severity and frequency of TBI affects the word retrieval process.
Conclusion
Retired professional athletes had altered electrical signatures compared with control subjects during the SORT task, suggesting neurophysiological effects of TBI. Further investigating word retrieval networks in persons with TBI can extend our understanding of neural mechanisms of word retrieval deficits and the long-term implications of repeated TBI. Identifying ERP abnormalities associated with impaired word retrieval may be used as a clinical marker for assessment of athletes with TBI. Future studies should examine athletes longitudinally to determine whether changes in amplitude are, in fact, an indication of early stages of impairment.
This study is a first step toward establishing a marker of underlying neuropathology of word retrieval in TBI when there has been no disruption in performance measures. This will only be borne out by longitudinal studies. This notion of a link between this decrease in retrieval ERP and retrieval deficits with aging would be further supported by following these persons to determine whether they become semantically impaired and by marking the time course of the ERP changes and behavioral impairment.
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